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Abstract 
In metal machining, the workmaterial undergoes severe thermomechanical loading, which has a consequence on the microstructure change at 
different zones in the machined workpiece (chip, tool tip zone, machined surface). In this paper, a multi-physics modelling in machining OFHC 
copper was proposed. The plastic flow stress of the workmaterial is described by the so-called Mechanical Threshold Stress (MTS) model. For 
comparison purpose the classical Johnson–Cook (JC) thermo-viscoplastic flow stress model is also introduced. In order to predict the 
microstructure change, precisely the grain size evolution in the workmaterial during machining, a physical-based Dislocation Density (DD) 
model was coupled with the MTS model in the framework of an Arbitrary Lagrangian Eulerian (ALE) Finite Elements (FE) approach. The 
ALE-FE model is developed for the orthogonal cutting process simulation in 2D case. Coupled MTS–DD material models were implemented in 
Abaqus/Explicit software via a user-material program. The first part of the multi-physics model is validated by comparison of predicted cutting 
force components with experimental ones and those predicted by the JC model. In the second part, the grain refinement during the cutting 
process is predicted, revealing zones where the microstructure is highly affected, particularly in the depth of the newly formed surface. This 
allows estimating the thickness of the effected subsurface by the cutting process. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of The International Scientific Committee of the “15th Conference on Modelling of Machining Operations”. 
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1. Introduction 
In metal machining, the workmaterial undergoes severe 
thermomechanical loading, which has a consequence on the 
surface integrity and on the microstructure change at different 
zones in the machined workpiece (chip, tool tip zone, 
machined surface). To simulate cutting metals, several author 
adopted the Johnson and Cook [1] thermo-viscoplastic flow 
stress model. This phenomenological model is widely adopted 
for the simulation of the impact behaviour and metal forming 
processes involving large strain, strain-rate and temperature 
effects, because of its simplicity and availability of parameters 
for different materials. Also, this model is available in almost 
finite element codes. So, Mabrouki and Rigal [2] has studied 
chip morphology under the variation of some thermal 
properties such as heat fraction evacuated in chip and contact 
conductance at the tool/chip interface using this model. Atlati 
et al. [3] and Kouadri et al. [4] used the JC model to simulate 
the chip segmentation process and quantified with a physical 
parameter, named segmentation intensity Ratio, the chip 
morphology. Shatla et al. [5] and Ozel et al. [6] proposed a 
methodology to identify the JC flow stress parameters using 
cutting tests, which is less expensive than other techniques, 
such as using Hopkinson’s bar tests. Calamaz et al. [7] 
modified the JC model, by introducing a strain softening 
effect, to reproduce correctly serrated chips and shear 
localization when machining titanium alloys. 
Others studies pointed out limits of the JC model. So, 
Zerilli and Armstrong (ZA) [8] developed a constitutive model 
including different rates controlling deformation mechanisms 
for BCC (Iron) and FCC (Copper) metals. Jaspers and 
Dautzenberg [9] applied this model for cutting metals, and 
found that the ZA constitutive relation gives a far better 
description of the AISI 1045 steel, compared to the JC 
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constitutive relation. However, in case of the aluminium alloy 
AA 6082-T6 it is preferred to use the JC constitutive relation. 
Bammann et al. [11] developed a dislocation mechanics based 
model which incorporates strain rate and temperature 
sensitivity as well as damage, through a yield surface 
approach. Guo et al. [10] showed that predicted chip 
morphology using the Bammann–Chiesa–Johnson (BCJ) 
model is consistent with the measured chips, while the JC 
model is not. Svoboda et al. [12] adopted a physics based 
plasticity to simulate the orthogonal cutting of 316L stainless 
steel alloy. Their model is based on the dislocation glide 
mechanism and the flow stress is formulated as the summation 
of resistance to dislocation motion imposed by short range 
(thermal stress) and long range (athermal stress) obstacles. 
The model has a good predictive capability of the chip 
morphology and cutting forces in comparison with the JC 
model. In the same way, Follansbee and Kocks [21] proposed 
a physical thermo-viscoplastic model, denoted mechanical 
threshold stress (MTS), involving thermal stress and athermal 
stress. The model take into account the initial grain size. 
Gourdin and Lassila [22] improved the model by adding the 
Hall-Petch law to estimate the athermal stress in the MTS 
model developed by Follansbee and Kocks [21]. This model is 
applied to compression tests of OFHC copper. The model will 
be used in this paper for modelling the cutting process of 
OFHC copper. 
To effectively design the machining process parameters 
with varying thermo-mechanical properties and improve the 
quality of resultant microstructures, it is necessary to 
investigate the microstructural refinement mechanism during 
machining. Ding et al. [13] treated modelling of grain 
refinement in OFHC copper subjected to the orthogonal 
cutting, and showed that selecting a more negative rake angle 
tool generally induces a  reduce of the grain size in the chip by 
applying a larger strain. It is pointed out that a small applied 
strain, high cutting speed and high cutting temperature will all 
contribute to a coarser elongated grain structure during 
cutting. While a more randomly orientated microstructure 
should be achieved at a low cutting speed. The study was 
validated with the experience of Ni and Alpas [14]. The 
adopted model by Ding et al. [13] was developed by Estrin et 
al. [15], which consist of a set of differential equations to 
evaluate the dislocation density evolution rates and applied the 
dislocation density-based material model to grain refinement 
in the equal channel angular processing (ECAP) of copper. 
Also, Estrin et al. [16]-[17], Lee et al. [18] and Lemiale et al. 
[19] used this model to predict the evolution of the 
microstructure and texture in the severe plastic deformation by 
ECAP process. 
In this paper, a multi-physics modelling of machining 
OFHC copper was proposed. The plastic flow stress of the 
workmaterial is described by the MTS model, as developed by 
Follansbee and Kocks [21] and Gourdin and Lassila [22]. For 
the comparison purpose, the JC model is also introduced. The 
performance of MTS model will be highlighted by comparison 
of predicted and measured cutting forces. In order to predict 
the microstructure change, precisely the grain size evolution in 
the workmaterial during machining, the physical-based 
Dislocation Density (DD) model, as reported in Ding et al. 
[13], was coupled with the MTS model in the framework of an 
Arbitrary Lagrangian Eulerian (ALE) Finite Element (FE) 
approach.   The proposed multi-physics modelling (coupled 
MTS-DD models) is validated by comparison of predicted 
cutting force components with experimental ones, and the 
grain refinement during the cutting process, showing zones 
where the microstructure is highly affected. 
 
Nomenclature 
Vˆ    Mechanical threshold stress  
ˆaV , ˆ tV   Athermal and thermal stresses  
D    Initial grain size  
0  g H    Dimensionless activation energy  
oeH , 
p
eH  Reference strain rate and plastic strain rate  
b    Burger vector 
K    Boltzmann constant 
T    Temperature    
E , G   Young modulus and Shear modulus 
Q    Poison coefficient 
T , 0T    Hardening and initial hardening 
p    Shape of the obstacle profile 
q    Shape of the obstacle profile 
D    Empirical parameter 
ˆ sHV , 0ˆ sHV  Saturation and reference saturation stresses 
A    Dimensionless activation energy  
0sHH    Constant  
cU    Dislocation density of cell interior  
wU    Dislocation density of cell wall 
wsU    Statistical dislocation density  
wgU    Geometrically necessary dislocation density  
totU    Total dislocation density  *D , *E , 0k  Constants 
d    Cell size  
[  Friction of the dislocations incoming into 
cell walls from the cell interiors 
n    Sensitivity of temperature  
f    Volume fraction of the dislocations cell wall  
r
cJ  Resolved shear strain rate for cell interior r
wJ    Resolved shear strain rate for cell wall  
0
rJ    Reference resolved shear strain rate 
M    Taylor factor 
ff    Saturation value of volume fraction  
0f    Initial value of volume fraction rJ    Reference resolved shear strain  
rJ    Resolved shear strain  
H    Parameter Holt formula 
O    Thermal conductivity  
vf    Body forces 
U    Density 
B    Constant  
2. Machining tests 
Machining data used to validate the proposed modelling 
are performed by Mahadevan [23] and Al Bawaneh [24] (see 
Fig. 1). Cutting experiments are carried out using a planar 
machine (orthogonal cutting). The planar machine has a 
cutting speed range from 0.1mm/s to 4.5m/s with cutting force 
up to 2100N. The workpiece is made of OFHC copper having 
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a form of plate, with a length of 4.3 cm and a thickness of 
3.25 mm. The tungsten carbide cutting tool has a rake angle of 
30°, a corner radius less than 10 microns, and a clearance 
angle of 4°. The cutting forces are measured with Kistler force 
dynamometer. The cutting forces are averaged over a steady-
state region to obtain single values for each cutting test. 
Several sections of chips are collected for each cutting 
condition after each cutting test and the chip thickness is 
measured. Cutting conditions, measured cutting forces and the 
chip thickness are summarized in Table 1. 
 
 
Fig. 1. Formation of a continuous chip at a cutting speed of 60 m/min and a 
feed of 0.1 mm (Mahadevan [23]). 
Table 1. Cutting conditions (Al Bawaneh [24]). 
Tests Cutting feed 
(μm) 
Cutting speed 
 (m/s) 
cutting force 
 (N) 
Chip thickness 
(mm) 
1 30 1.0 149 0.095 
2 300 1.0 944 0.840 
3 100 0.1 477 0.351 
4 100 0.3 421 0.301 
5 100 1.0 368 0.301 
6 100 3.3 303 0.269 
3. Multi-physics modelling 
3.1. Mechanical Threshold Stress model (MTS) 
In order to represent correctly the thermo-viscoplastic 
behaviour of the workmaterial during machining, the MTS 
model, written in the form proposed by Follansbee and Kocks 
[21] and Gourdin and Lassila [22], is introduced here. The 
model has been investigated by other authors (e.g. Mecking 
and Kocks [20]). It consists of a description of the material 
behavior at constant structure and a description of structure 
evolution during deformation. They attempted to establish a 
direct relation between dislocation behavior and macroscopic 
behavior. A reference threshold stress (Vˆ ) is employed as 
the sole internal state variable representing a measure of the 
hardness of the material at its current dislocation structure. 
This variable represents an isotropic resistance to plastic flow 
which may be related to the dislocation density. The 
mechanical threshold stress is separated in two components, 
an athermal stress ( ˆaV ) and a thermal stress ( ˆtV ). Based on 
this assumption the following expression is derived for the 
flow stress (Follansbee and Kooks [21]): 
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The athermal stress,  0.27ˆ 8a DV  , which characterizes 
the rate independent interactions of dislocations with long-
range barriers, depends on the initial average grain size ( D  § 
50 μm) as reported in Gourdin and Lassila [22]. In Eq. (1), 
0  g H  is introduced to appoint the activation energy, oeH  is the 
reference strain rate, K  is the Boltzmann constant, b  is the 
burgers vector, T  the temperature and G  is the shear 
modulus. The shape of the obstacle profile is characterized by 
constants p  and q , 0 1pd d  and 1 2qd d . Eq. (1) is 
completed with a hardening law, which takes dislocation 
accumulation and dynamic recovery into account. The 
hardening, denoted T  , is given by: 
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The initial strain hardening rate 0T , due to dislocation 
accumulation is expressed as 0 2150 0.034
p
eT H   . This 
expression is obtained from a curve fit to data for OFHC 
copper with a similar initial grain size (see Gourdin and 
Lassila [22]). D  = 2 is an empirical parameter, ˆ sHV  is the 
saturation stress dependent of temperature and it is sensitive 
to the strain rate, given by the expression: 
     30 0ˆ ˆ ps e s sln Gb lnA KTH H HV VH H     (3) 
0sHH  is constant, A  is a dimensionless activation energy, 
0ˆ sHV  represents the saturation threshold stress at 0°K and 
corresponds to the stress at zero work hardening rate. 
3.2. Dislocation density model (DD) 
To predict the microstructure evolution on the workpiece 
during cutting, the DD model as developed by Estrin and al. 
[15] is introduced.  A dislocation cell structure is assumed to 
form during deformation, which consists of two parts, 
dislocation cell walls and cell interiors, and obeys to a rule of 
mixtures. Different types of dislocation densities are 
distinguished in the model: the cell interior dislocation density 
( cU ) and the cell wall dislocation density ( wU ), which is 
further divided into two distinct groups of statistical 
dislocation density ( wsU ) and geometrically necessary 
dislocation density ( wgU ). Corresponding evolution laws are 
as follow: 
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The first term on the right-hand side of Eqs. (4) and (5) 
corresponds to the generation of dislocations due to the 
activation of Frank–Read sources. The parameters *D , *E
and 0k  are numerical constants, b  is the magnitude of the 
Burgers vector, d  is the dislocation cell size. The loss of cell 
interior dislocations to cell walls where they are ‘woven in’ is 
account for by the second term in Eqs. (4) and (5). Finally, the 
last (negative) term in each of the evolution equations 
represents the annihilation of dislocations leading to dynamic 
recovery in the course of straining. The density of 
geometrically necessary dislocations is assumed to arise from 
a friction [  of the dislocations incoming into cell walls from 
the cell interiors (see Eq. (6)), n  is a temperature sensitivity 
parameter which corresponds to recrystallization or 
annihilation of the dislocation microstructure ( n B T , 
with B  a constant and T  a temperature), f is the volume 
fraction of the dislocation cell wall, rwJ  and 
r
cJ  are the 
resolved shear strain rate for the cell walls and interiors, 
respectively, and 0
rJ is the reference resolved shear strain rate. 
It is assumed that the resolved shear strain rates across the cell 
walls and cell interiors are equal (i.e. r r rw cJ J J     ), which 
satisfies the strain compatibility along the interface between 
interiors and boundaries. The resolved shear strain rate can be 
calculated by the plastic strain rate with the Taylor factor M  
as r MJ H   . 
Their evolution with strain governs the overall mechanical 
threshold stress behaviour of the deforming material. The total 
dislocation density is given by a rule of mixtures: 
( ) (1 )tot ws wg cf fU U U U     (7) 
An important element of the model is the consideration of the 
evolution of the volume fraction of the cell walls based on 
experimental observations. According to Muller et al. [25], 
f  decreases with strain monotonically, as the dislocation 
cell walls become sharper and more narrow with strain. The 
variation of f  can be expressed through the following 
empirical relation (see Estrin et al. [15]): 
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where 0f  the initial value of f  and ff  its saturation value 
at large strains.  
The dislocation cell size d  is related to the total dislocation 
density totU  according to Holt’s formula: 
totd H U  (9) 
where the parameter H  is about 10 for Copper (see Holt 
[26]). 
The process of grain refinement during machining in the 
cutting zone, subjected to large deformation, is assumed to 
follow a scenario in which accumulation of misorientations 
between neighboring dislocation cells with strain gradually 
converts the dislocation cell structure to a new grain structure. 
In this study, the average cell size ( d ) can be identified as the 
grain size after machining at the chip and machined surface. 
Parameters of the DD model of OFHC Cu are taken from 
[13]. 
4. Modelling of machining tests 
4.1. 2D ALE-FE model of orthogonal cutting 
A 2D orthogonal cutting model based on the ALE 
approach is developed in Abaqus/Explicit software (see Fig. 
2), both to simulate the cutting process using de MTS model 
and the microstructure evolution in the workpiece using de 
DD model. The ALE-FE formulation has been seen as an 
interesting method to simulate continuous chip formation 
under a steady state condition. It mainly enables the 
simulation without the need of a separation criteria, such as 
introduction of a damage evolution parameter for the FE 
deletion, as in Atlati et al. [3] and Kouadri et al. [4]. 
 
 
Fig. 2. 2D ALE-FE model of orthogonal cutting. 
In the frame of the ALE-FE model of the orthogonal 
cutting, the MTS model, dedicated to represent the thermo-
viscoplastic behaviour of the workmaterial during cutting, and 
the DD model, dedicated to predict the microstructure change 
in the workpiece, are implemented via the user material 
VUMAT of Abaqus/Explicit software. In addition to the 
workmaterial behaviour model (coupled MTS-DD model), 
adequate boundary conditions are defined, including the tool–
workpiece interface behaviour (see e.g. Atlati et al. [27]). 
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5. Results and discussion 
5.1. Rheology testing 
The MST model, representing the thermo-viscoplastic 
behavior of the workmaterial, is validated firstly with 
rheological tests performed by Tanner and McDowell [28]. It 
consists of compression tests conducted on initially annealed 
OFHC Cu across a range of strain rates, quasi-static 
isothermal and high strain-rate approximately adiabatic, along 
with sequences involving different temperatures. 
 
 
Fig. 3. MTS model predictions for OFHC. 
The MTS model shows a good correlation with 
experimental data (see Fig. 3). This indicates that the model 
simulates well effects of strain-rate and temperature when the 
material is subjected to dynamic and quasi-static loadings. 
5.2. Machining test simulation using MST model  
Machining tests, reported in section 2, are simulated with 
the coupled MTS-DD model. Noting that the MTS model is 
sufficient to simulate the cutting process. The DD model uses 
thermomechanical fields obtained at the end of each time 
increment to predict the grain size in the workpiece, as it will 
be presented in the next section. Fig. 4 shows the predicted 
cutting force using MTS model. A comparison is made with 
experimental data and also with predicted one using the JC 
model (parameters of OFHC Cu are taken from Johnson and 
Cook [1]). The MTS model predicts well the cutting force 
across the range of cutting speed. While the JC model 
underestimates this force at low cutting speed. The MTS is 
correlated with experience across the range of cutting speed. 
 
Fig. 4. Cutting force as function of the cutting speed. 
To understand the difference between predictions of MTS 
and JC models at low cutting speed, the flow stress as 
function of the strain-rate is plotted in Fig. 5. The MTS fits 
better experimental data, while JC model predict linear 
sensitivity. 
 
 
Fig. 5. Flow stress of annealed OFHC copper measured at room temperature 
for a constant strain of 0.15 as function of strain rate. 
Both MST and JC models predict well the chip thickness, 
with relatively better prediction with MTS model (see Fig. 6). 
 
Fig. 6. Chip thickness as function of cutting speed for fixed feed (0.1mm) and 
rake angle (30°). 
5.3. Microstructure prediction using MST model  
Two interesting zones are examined to understand the 
microstructure change in the workpiece during cutting. 
The first zone is the chip. Five paths, as indicated in the 
Fig. 7(a), are considered. It is shown from Fig. 7(b) that the 
grain refinement occurs when the workmaterial enters the 
primary shear zone. The grain size decreases more drastically 
along path 5, which is close to the secondary hear zone. While 
along path 1, which is close to the free surface, the grain size 
decreases more weakly. 
  
 (a)  
 (b)  
Fig. 7. (a) Defined paths across the primary shear zone, and (b) grain size 
distribution along the chip, for cutting speed of 60m/min and feed of l 0.1mm. 
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The second analyzed zone is the generated surface. As 
shown in Fig. 8(a), four paths are defined along depth of the 
workpiece. The microstructure of the workmaterial is highly 
affected at the machined surface (see Fig. 8(b)), and tends to 
the initial one in the depth. Since there is no significant 
deformation on the machined surface, the grain size along all 
paths is quasi-identical. The affected subsurface zone is about 
40 μm. 
(a)   
 (b)  
Fig. 8. (a) Defined paths across the machined surface, and (b) grain size 
distribution along depth of the generated surface, for cutting speed of 
60m/min and feed of l 0.1mm. 
4. Conclusion  
A multi-physics modelling in machining OFHC copper is 
proposed, based on coupling MTS and DD models. The MTS 
model is more efficient than the JC model, since it captures 
correctly the thermo-viscoplastic behavior of the 
workmaterial. The MTS model predicts well the cutting force 
over the cutting speed range, while the JC model fails to 
predict correctly cutting force at low cutting speed. The DD 
model predicts the microstructure change during cutting in the 
chip and the machined surface. In the chip, the secondary 
shear zone is more affected. In the generated new surface, the 
grain refinement occurs only at the subsurface of about 40μm 
in depth. 
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